An immunodominant membrane protein (IMP) of the apple proliferation (AP) phytoplasma was detected in preparations from AP-diseased periwinkle plants using monoclonal and polyclonal antibodies to the AP agent. Following isolation from Western blots and partial sequencing, degenerate oligonucleotides derived from the IMP sequence were used as probes to identify a DNA fragment containing the ORF encoding the IMP. Complete sequencing and subsequent analysis of the cloned DNA fragment revealed the presence of two ORFs, predicted to encode proteins with molecular masses of 25 kDa (P-318A) and 19 kDa (P-318B). Whilst database searches failed to assign a possible function to P-318A, analysis of P-318B predicted an amphiphilic membrane protein with a positively charged N-terminal portion, followed by a hydrophobic segment forming an a-helix, and a hydrophilic C-terminal part located outside of the cell. The amphiphilic nature of P-318B was confirmed by its solubility in T r i t o n X-114. The gene encoding P-318B was expressed in Escherichia coli and the resulting protein was used to immunize rabbits. The antiserum obtained reacted specifically with P-318B. The same protein was also detected by an antiserum raised against antigen preparations from APdiseased plants. The P-318B antiserum did not react with antigen preparations from plants infected with the closely related pear decline phytoplasma. However, in Southern hybridization studies, the gene encoding the IMP hybridized to genomic fragments of the pear decline and European stone fruit yellows phytoplasmas. It also showed significant sequence similarity to a gene encoding an antigenic membrane protein of the sweet potato witches' broom phytoplasma, but not to a gene encoding a major immunogenic membrane protein of an aster yellows group phytoplasma. Since it appears that most phytoplasmas possess a major immunogenic membrane protein which may have a function in pathogenesis, this work may be a basis for further studies on fundamental aspects of host-pathogen interactions. It also describes a new approach to obtain suitable immunogens to produce specific antibodies for detection and characterization of the non-culturable phytoplasmas.
INTRODUCTION METHODS
P h y t o p 1 as m a s a re w a I1 -1 es s , t i o n -h el ica 1 pro k a r y o t es of the class Molliczites (trivial name mycoplasmas). They are associated with several hundred plant diseases, of which mriny are o f considerable economic importance (McCoy et a/., 1989; Seemiiller et a[., 1998) . Because phytoplasmas resist all attempts at culture under axenic conditions , o u r know ledge about the i r p h y s io 1 og y , biochemistry and molecular biology is limited. It is largely unknown how phytoplasmas interact with their plant host. In contrast, for several culturable mycoplasmas infecting humans and animals it is wellestablished thiit adherence to host membranes is an important factor in pathogenesis. This adherence is mediated by surface-exposed protein adhesins, which in some species are organized in specialized attachment structures (tips) (Kahane & Horowitz, 1993) . Adhesins such 'is PI of Mycoplasma pnetrmoniae and MgPa of Mvcoplasma genitalizrm are known to be major immunogens (Krause & Taylor-Robinson, 1992) . Mycopliisnia surface proteins may also show antigenic variation. I t is supposed that this phenomenon plays at1 important role in pathogenesis, enabling the invading pathogens to escape the immune response of vertebrate hosts (Wise et ul., 1992) .
Western blot experiments have shown that in most p h y t o p 1 as m ri s stud ied a s i ng le i m m u n odo m in ant p rote i n forms the major portion of semi-purified cell-membrane preparations (Barbara et al., 1998) . Studies by immunosorbent electron microscopy suggested that such a protein o f the 'chlorarite' strain of the aster yellows (AY) phytoplasma group is exposed outside the bacterial cell membrane (Milne et al., 1995) . This polypeptide has been piirtirilly characterized and its gene has been cloned rind sequenced (Barbara et al., 1998) . Another gene encoding an antigenic membrane protein of sweet potato witches' broom (SPWB) phytoplasma has also been cloned and analysed (Yu et al., 1998) . Although the function of these and other phytoplasma membrane proteins is unknown, they may play an important role in pathogen-host interactions. Thus, in order to contribute to a better understanding of phytoplasma pathology at the molecular level, the objective of our work was to obtain more information about an immunodominant membrane protein (IMP) of the phytoplasma causing apple proliferation (AP), one of the most economically important phytoplasmoses in Europe. T h e causal agent of AP forms, together with other temperate fruit-tree pathogens such as the phytoplasmas causing pear decline (PD), European stone fruit yellows (ESFY) and peach yellow leaf roll, a distinct group within the monophyletic phytoplasm'i clade (Seemiiller et al., 1998) . O u r work consisted o f isolating, cloning, sequencing and expressing the gene encoding the IMP and partially characterizing the gene product. T h e fusion protein obtained was used to produce polyclonal antibodies (pAbs) to IMP for detection and characterization of the AP phytoplasma.
Phytoplasmas. The phytoplasmas used were striiin AT of the AP phytoplasma, strain PDI of the PD phytoplasma, strain GSFY of the ESFY phytoplasma, strain STOL of the stolbur phytoplastna and strain AAY o f the AY phytoplasma group.
More information o n origin and taxonomic positions of these phytoplasmas is given elsewhere (Seemiiller et al., 1998) . All strains were maintained in Cathariiizthzis roseus (periwinkle) in an insect-proof greenhouse. Strain AT was also maintained in Nicotiana ttrlia~mm cv. Samsun (tobacco) and Nicotiunn occidetitalis.
Detection and micro-sequencing of IMP. Antiserum to AP phytoplasma, propagated in (3. roseus, was riiised in a rabbit (Scorpio) using a protocol similar to that described by Clark et al. (1989) . niAbs to AP phytoplasma were obtained using a mouse tolerization procedure (M. F. Clark & D. L. Davies, unpublished results) . T o prepare the IMP o f the AP phytoplasma, a clarified extract o f stems, petioles and midribs from AP-infected periwinkle plants was enriched for phytoplasmris by centrifugation at 60000g for 30 min (Clark et al., 1989) . For sequence analysis of the N terminus of IMP blotted to PVDF membrane, the resolved bands were visualized by staining with Ponceau red. Membrane fragments (about 1 mm') containing the IMP were excised and transferred into the reaction chamber of an ARI 470A automated gas phase sequencer (Applied Biosystems) and subjected to Edinan seq lien ce an a 1 y s i s acco rd i ng to the man u fact 11 rer ' s pro t oco 1 s .
DNA isolation. Stems and leaves of N. occ-idmtalis infected with strain AT were lyophilized and ground to a fine powder. Phytoplasma DNA was isolated and purified using a ce t y 1 t r i me t h y la in mon i u ni p roced u re followed by CsCl/bisbenzimide density-gradient centrifugation (Kollar & Seemiiller, 1989) . DNA from periwinklemaintained strains was obtained using a phytoplasma phosphokinase (Sambrook et al., 1989) .
For cloning of the IMP gene, about 40pg EcoRI-digested CsCl/bisbenzimide-enriched phytoplasma DNA was electrophoresed as described above and fragments of the size corresponding to the fragment containing the IMP gene sequence were excised from the gel. DNA was recovered using the Jetsorb method (Genomed). DNA fragments were ligated into plasmid vector pBluescript SK (Stratagene) and the plasmid was used to transform Escherichia coli strain XL-1
Blue MRF'. Recombinant clones were screened for the presence of the IMP gene sequence by Southern blot analysis of plasmid preparations (Sambrook et al., 1989) . One cloned fragment containing the desired gene was fully sequenced using a dideoxy termination protocol, FITC and Cy5 fluorophore-labelled primers, and the ARAKIS automated DNA sequencer at the sequencing facility of LION Bioscience. Nucleic acid and protein sequences were compared with the EMBL databases EPRO and SWALL using programs FASTA and BLAST. Predict Protein Server of EMBL was used for protein analysis. The accession number of the sequence encoding the immunogenic membrane protein and an adjacent protein of SPWB phytoplasma is U15224 (Yu et al., 1998) .
Heterologous expression of the IMP-encoding gene. ORFs present in the sequenced AP phytoplasma DNA fragment were separately amplified by PCR using standard procedures (Lorenz et al., 1995) . The primers used were complementary to the 5' and 3' termini of the ORFs or derived from a flanking region. For site-directed cloning, the primers were extended on both sides with the sequence of either a BamHI or HindIII recognition site according to the protocol of the supplier of the expression system (Qiagen). Amplification products were resolved in an agarose gel (1 %), recovered from the gel using the Jetsorb procedure (Genomed) and ligated into plasmid vector pBluescript (Stratagene) following a procedure described by Holton & Graham (1990) . Transformation of E. coli strain XL-1 Blue MRF' was performed as described above.
Recombinant plasmids were isolated and the insert excised by BamHI and HindIII digestion. After gel electrophoresis, fragments containing the desired genes were isolated and separately cloned in E. coli strain M15 using the expression vector pQE30 (Qiagen). Expression of the cloned genes was induced following the protocol of the supplier. Expression and solubility of the proteins obtained from small-scale cultures were examined by discontinuous SDS-PAGE (Laemmli, 1970) .
Expressed proteins were purified from large-scale cultures using a Ni-NTA resin column following the instructions of the supplier (Qiagen). Protein elution was monitored by absorption at 280 nm.
Production of antisera to expression products and serological tests. Antisera to expression products were raised in two rabbits which received four intramuscular injections at intervals of 1-2 weeks over a period of 4 4 weeks using a 1 : 1 mixture of purified expression product and either Freund's complete (first injection) or incomplete (subsequent injections) adjuvant. Each injection contained about 100 pg protein.
Animals were bled four to five times from the marginal ear vein at intervals of 14 d beginning 5-6 weeks after the first injection.
For Western blot analysis, phloem tissue from healthy and APdiseased tobacco and leaf midribs from healthy periwinkles and periwinkles infected with AP or PD phytoplasma were extracted using the phytoplasma enrichment procedure described by Ahrens & Seemuller (1992) . To identify amphiphilic membrane-bound proteins, the Triton-X114 phase fractionation method was used (Bordier, 1981) . Proteins partitioned in the Triton-X114 phase, present in the aqueous phase, and insoluble proteins were precipitated and washed with cold acetone. Proteins of each fraction and purified expression products were examined by discontinuous SDS-PAGE. Proteins were transferred to nitrocellulose membranes (Hybond-C; Amersham) using a semi-dry blotting chamber (Bio-Rad) following the protocol of the supplier. Immunological detection of blotted proteins was performed according to Sambrook et al. (1989) .
An indirect F(ab'),-based ELISA procedure was used to detect phytoplasma antigens in partially purified preparations from midveins of AP-affected periwinkle plants, using a method described by Clark et al. (1989) . 
Detection and cloning of the IMP gene
Using a mixture of oligonucleotides fMPAT a n d r M P A T as probe, a single DNA fragment was detected by Southern blot hybridization in both HindIII-a n d ELoRIdigested DNA, enriched by CsCl/bisbenzimide densitygradient centrifugation f r o m diseased N. occidentalis.
T h e size of the HindIII fragment w a s approximately 5.0 kb a n d t h a t of the EcoRI fragment approximately 1-7 kb (Fig. 1) . Plasmid cloning of EcoRI fragments similar in size to those detected in Southern hybridization yielded three clones which hybridized t o the oligonucleotide probe. 
Nucleotide sequence analysis
T h e insert o f one recombinant plasmid (pAT318) hybridizing with the oligonucleotide probe was fully sequenced. Sequence analysis revealed that the cloned fragment consisted of 1685 bp and contained two ORFs, named AT318A and AT318B. AT318B was 495 bp in length (nt 885-1379) and was predicted to encode a 18.97 kDa peptide (165 amino acid residues), the Nterminus o f which differed in only two amino acids from the sequence determined by micro-sequencing (see above). Analysis of the deduced peptide predicted an amphiphilic membrane protein with a pI value of 9.01. It consisted of a positively charged short N-terminal segment followed by a hydrophobic segment composed o f 18 amino acids which was predicted to form an ahelix, and a hydrophilic C-terminal part (amino acids 33-1 65). Cleavable signal peptides characteristic for certain integral membrane proteins were not found. T h e deduced protein showed the highest sequence similarity (27.6 ' / o identity) with an antigenic membrane protein of the SPWB phytoplasma which consists of 172 amino acid residues. T h e nucleotide sequence identity of these two genes was 54 ' /' . There was no significant homology to the nucleotide and amino acid sequences of an immunogenic membrane protein of the 'chlorante' strain of the AY phytoplasma group.
O R F AT318A consisted of 612 bp (nt 120-731) and was located directly upstream of O R F AT318B. I t was predicted to encode a 24.5 kDa protein (204 amino acid residues) and had 6 4 % DNA sequence identity with a 612 bp gene of the SPWB phytoplasma which, as in strain AT, lies directly upstream of the antigenic membrane protein gene. Sequence analysis gave no information about its function. T h e amino acid sequence identity of the O R F AT318A product and the related Fig. 2 . SDS-PAGE analysis of recombinant E. coli expressing ORFs AT318A and AT318B of the AP phytoplasma. Control, clone 318A without IPTG; 318A and 318B, clones 318A and 318B with IPTG. The two lanes on the right show purified expression products P-318A and P-318B. A 10 kDa ladder (Gibco-BRL) was used as size marker.
protein of the SPWB phytoplasma was 40.7%. Both ORFs AT318A and AT318B were preceded by a putative Shine-Dalgarno sequence S'-AAGGAG-3' (Shine & Dalgarno, 1974) which was identical to that of fus and tuf genes of the AP phytoplasma (Berg & Seemtiller, 1999) . T h e coding region of both genes started with the ATG initiation codon and stopped a t translation termination codon TAA. Transcription termination structures between the two ORFs were not identified, suggesting that they were cotranscribed.
Expression of proteins
Based on distal sequences or a sequence of a flanking region (r318A) of ORFs AT318A and AT318B, primer pairs f318A/r318A(5'-GGA T C C ATG A T T AAA AAA AAA TAA ATA TTG-3') and f318B/r318B (5'-GGA C T T T T A TTT CAA A T C TAA AGC AG-3') were designed to separately amplify genes AT318A and AT318B, respectively. Amplification products were cloned and expressed in E . coli using expression vector system pQE (Qiagen). SDS-PAGE analysis of proteins from small-scale expression cultures revealed that both genes were expressed. Compared with the uninduced control cultures, the recombinant clone containing gene AT318A expressed an extra 25 kDa protein (P-318A) and the recombinant clone containing gene AT318B expressed an additional protein of approximately 19 kDa (P-318B) (Fig. 2) . Each of the expressed proteins reacted with Scorpio antiserum to the AP phytoplasma (not shown).
Preparative scale expression cultures (500 ml) of the two recombinant clones yielded, after purification on Ni-N T A columns, about 4 mg each of P-318A and P-318B. Both proteins were of the expected size when analysed by SDS-PAGE (Fig. 2 ). 
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Similarity of membrane protein genes to other phytoplasma genes
When Southern blots of EcoRI-digested DNA from C. roseus plants infected with strains AT, PD1 (PD phytoplasma), or GSFY (ESFY phytoplasma) were separately hybridized with genes AT318A and AT318B as probes, both genes hybridized to the same fragment of each strain. However, the size of the fragments was different. Whereas the AP fragment recognized by the probes showed the expected size of 1.7 kb, the hybridizing fragments of strains PD1 and GSFY were approximately 5 kb and 8 kb, respectively (Fig. 3) .
Primers f318A/r318A and f318B/r318B did not amplify a product from DNA of strains PD1 and GSFY. In Southern blot analysis, no signals were obtained when EcoRI-restricted DNA from periwinkle plants infected with strains AAY (AY group phytoplasma) or STOL (stolbur phytoplasma) was hybridized with probes AT318A and AT318B (data not shown).
Serological tests
The antisera to the expression products P-318A and P-318B gave specific Western blot reactions only with the homologous proteins that had been used as immunogens (Fig. 4) . The pAbs to P-318B also showed a strong reaction with the 19 kDa membrane protein of the AP phytoplasma in antigen preparations from AP-infected tobacco and periwinkle plants. This protein was identical in size to that recognized by mAbs and pAbs raised to phytoplasma antigens from infected plants (not shown). When antigen preparations from AP-infected plants were partitioned with Triton-X114, the corresponding antigen was detected in the Triton-X114 phase whereas there was no reaction with the aqueous phase or the insoluble protein fraction. This result demonstrated the amphiphilic nature of the IMP and supported the algorithmic predictions. The pAbs to P-318B did not react with antigen preparations from PDinfected periwinkle plants and reacted only nonspecifically with extracts from healthy periwinkles (Fig.  5) . The pAbs to P-318A failed to react specifically with phytoplasma antigens in preparations from AP-infected periwinkle and tobacco plants (not shown).
Specificity of the pAbs to P-318B was also shown in ELISA. Under the test conditions used, A,,, values of 1.376 and 0.288 were obtained after an incubation of 1 h at room temperature when phytoplasma-enriched preparations from AP-diseased periwinkle plants were diluted 1000-fold and 10000-fold (fresh weight/ volume), respectively. The corresponding values obtained with preparations from uninfected plants were 0.068 and 0.035, respectively.
DISCUSSION
Whereas structure and function of membrane proteins of culturable mycoplasmas have been intensively studied (for a review see Wieslander et al., 1992) , little is known about phytoplasma membrane proteins. During the last decade a single major antigenic protein with a molecular mass ranging from 15.7 to 23 kDa was identified in several phytoplasmas (Jiang et al., 1988; Clark et al., 1989; Garnier et al., 1991; Onuki et nl., 1992; Saeed et al., 1992; Erampalli & Fletcher, 1993; Seddas et al., 1993; Chang et al., 1995 sequence indicated typical features of a class of bitopic integral membrane proteins characterized by a positively charged N-terminal segment exposed to the cytoplasmic side, a hydrophobic transmembrane segment forming a putative a-helix mediating anchorage in the membrane and a hydrophilic C-terminal portion exposed outside the cell. Evidence of the membrane-spanning nature of the protein has also been obtained in solubility studies in which the IMP of the AP agent was recovered in the Triton-X114 phase but not in the aqueous phase. As such proteins are anchored by hydrophobic interactions and other forces, they cannot be dissolved in low-ionicstrength buffers but require the use of a suitable surfactant (Wieslander et al., 1992) .
The IMP of the AP phytoplasma showed similarities to an antigenic membrane protein of the SPWB agent described by Yu et al. (1998) . Not only was there a significant sequence homology at both DNA and protein level, the SPWB phytoplasma protein is also similar in size (172 amino acids versus 165 residues of AP agent) and shows the same structural characteristics of a putative transmembrane protein with an N terminus in/C terminus out topology. In addition, the SPWB membrane protein gene seems to be similarly organized on the phytoplasma chromosome in that it is preceded by an ORF encoding a protein that shows 40.7% sequence similarity to protein P-318A of the AP phytoplasma, identified in our work at the same position, i.e.
upstream of the IMP gene. Yu et al. (1998) detected an antigenic membrane protein gene similar to that identified in the SPWB agent in the phylogenetically closely related peanut witches' broom pathogen but not in other phytoplasmas tested. Similarly, the genes encoding proteins P-318A and P-318B of the AP phytoplasma hybridized in our Southern blot studies with DNA from the closely related PD and ESFY phytoplasmas. However, the AP phytoplasma gene probes did not hybridize to DNA from AY and stolbur phytoplasma strains, which is consistent with the lack of taxonomic similarity between the AP phytoplasma and these two strains (Seemuller et al., 1998) . There was also n o significant sequence similarity between the gene and gene product of the AP phytoplasma IMP and a major IMP of the 'chlorante' strain of the AY group. However, the predicted properties of this protein seem to be different, with a clear C terminus in/N terminus out putative topology (Barbara et al., 1998) .
The IMP gene of the AP phytoplasma was expressed in E . coli. The pAbs prepared to the expression product reacted specifically with its homologous antigen and a similar sized antigen in preparations from AP-diseased plants. They proved suitable for the detection of the AP phytoplasma in infected plants by ELISA. In other work, the pAbs to the expression product showed a considerably higher specific titre and a lower background reaction than existing antibodies to the AP phytoplasma, raised to antigen preparations from infected plants (M.
Berg & E. Seemuller, unpublished results). The heterologous expression of a phytoplasma protein on a preparative scale and the use of an expressed phytoplasma protein for antibody production have not been reported previously. Numerous antisera raised to protein preparations from infected plant tissue have been produced for about 20 years (Sinha, 1979; Lee & Davis, 1992) . However, despite tedious purification procedures, plant-derived immunogens are contaminated with plant components, resulting in antisera that often have relatively low specific titres and react with antigens from healthy plants. Although phytoplasmas purified from insects may give lower background reactions with plant antigens, insect-derived immunogens are often not available. The problem of specificity associated with the use of antigen preparations from infected tissue can be overcome by the use of mAbs. However, production of mAbs is also difficult and mAbs may be too specific for practical phytoplasma detection (Lin & Chen, 1985) . Therefore, our approach to raise antibodies to a bacterially expressed phytoplasma protein seems to offer a promising alternative to the development of antibodies to antigen preparations from infected plants and insect vectors for phytoplasma detection and characterization.
